
Plan for a 50MHz Analog Output ChannelLawren
e R. Doolittle, LBNLAugust 8, 2002To digitize a narrow band 50MHz analog input, it is well understood that one
an 
heat the normal Nyquist sampling rate rule. While sampling at 200MS/swill pull in sequential I/Q/-I/-Q samples (suitable for 
lean ve
tor manipulation)su
h samples are also available when sampling at 200=(2n+1) MS/s. The n = 2
ase, 40MS/s, is used repeatedly in the SNS proje
t. Of 
ourse, as n in
reases,the analog input �lter must be made narrower and narrower to avoid unwantedaliasing. This method works well be
ause the analog bandwidth of modern ADC
hips is mu
h higher than 1/4 their maximum sample rate; the ADS808 used inthe LBNL MEBT LLRF board has a maximum sample rate of 70MS/s, but ananalog bandwidth of 1GHz.The 
onverse problem, that of generating a narrow band 50MHz waveform,appears less well developed. Certainly a 200MS/s DAC would work in theory,but as above, we would like to 
heat and redu
e the update rate. Su
h datarates are not plausible with mid-range FPGAs, the sele
tion of high resolutionDAC 
hips is sparse, the edge speeds required to drive the DAC are high andnoisy, and 
lo
k syn
hronization margins are tight.One te
hnique, used by both the LBNL MEBT LLRF board and the LANLLLRF board, brings in a separate 50MHz sour
e, whi
h is ve
tor modulatedwith signals from twin, low data rate (20MS/s) DACs. Beyond the usual ques-tions of 
hannel balan
e and phasing, the LBNL experien
e was that the parti
-ular ve
tor modulator used was rather nonlinear, and the extra 50MHz inputwiring de
reased reliability.This note develops a design based on a dire
t synthesis te
hnique, using adata stream 
onsiderably slower than 200MS/s. As a lead-in to the �nal design,
onsider what happens if one feeds I/Q/-I/-Q samples at 40MS/s to a singlehigh speed DAC. The analog output will generate spe
tral lines not only at10MHz, but at 10MHz � (2n + 1). Low order lines in
lude 30MHz, 50MHz,and 70MHz. Power in these lines s
ales as f�2, ignoring the intrinsi
 DACoutput �lter (� � 2ns for a DAC902). Assuming +7dBm total DAC outputpower, and a

ounting for the use of an existing 50MHz RLC output �lter, thepower at the �rst few harmoni
s is:
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f (MHz) PDAC (dBm) A�lt (dB) Pout (dBm)10.0 6.09 -86.09 -80.0030.0 -3.45 -56.45 -59.9050.0 -7.89 -2.50 -10.3970.0 -10.81 -52.29 -63.1190.0 -13.00 -70.00 -82.99110.0 -14.74 -80.55 -95.29130.0 -16.19 -88.22 -104.41Next, let's turn this 
on
ept into something more usable. The 10MHz,70MHz, and 90MHz 
omponents 
an be suppressed digitally by 
lo
king theDAC at 80MS/s instead of 40MS/s. This rate is still within the \easy" realmfor mid-grade FPGAs and DACs. The interpolation logi
 within the FPGA 
anbe fairly simple: given a string of 40MS/s data points, nominally representing�=2 phase advan
es in a 10MHz waveformai; ai+1; ai+2; :::interleave with them points with the same amplitude, but a phase that is inter-polated to �3�=4.ai; �(ai + ai+1)=p2; ai+1; �(ai+1 + ai+2)=p2; ai+2; :::The resulting waveform nominally represents a 30MHz sine wave, but like theprevious 
ase in
ludes a strong 50MHz 
omponent. An e�e
tive low-dispersionanalog not
h �lter 
an be built from a delay line and a splitter-re
ombiner pair,to suppress the 30MHz 
omponent. In 
on
ept:
Σ

16.7 ns delay

Σ
In OutCombining the digital and analog �lters, and assuming 3% error in not
hfrequen
y, the power 
ow now looks like this:f (MHz) PDAC (dBm) Anot
h (dB) A�lt (dB) Pout (dBm)30.0 4.89 -25.33 -56.45 -76.8950.0 0.45 -0.84 -2.50 -2.89110.0 -6.40 -0.47 -80.55 -87.42130.0 -7.85 -2.78 -88.22 -98.84Compared to the 40MS/s 
on
ept, this shows 7.5 dB more signal at 50MHz,and the largest sideband improves from -49.5dB
 to -74.0dB
.The above des
ription is relatively abstra
t; perhaps a graph of the wave-forms will make the 
on
ept more apparent. The following �gure shows thenominal 30MHz output of a perfe
t 80MS/s DAC, the result of averaging thatwaveform with a 16.7ns delayed 
opy of itself, and the 50MHz 
omponent ofthat result. Note that the waveforms repeat every 8 DAC samples, or 100ns.2
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The following 
ir
uit abandons the input splitter in favor of dire
tly driving a25
 node with the high impedan
e output of the DAC, where a 2:1 turns ratiotransformer in
reases the e�e
tive impedan
e seen by the DAC (di�erentialmode) to 100
, a good mat
h for the output 
omplian
e of a DAC902. Ea
houtput pin sour
es 0 to 20mA of 
urrent, so the signal strength is �10mA, andea
h pin delivers 12 � 10mA � 0:5V = 2:5mW average power, totalling +7dBmfor the two pins. The 30MHz 
omponent of the DAC output is absorbed by the
ombiner. The 
onventional 50MHz RLC post �lter is not shown.
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Sin
e a 16.7ns delay line is not available o�-the-shelf, the 
ir
uit employs a20ns part, and adds 3.3 ns of 
ompensating delay to the other leg. An imbal-an
ed 165nH indu
tor and a 66pF 
apa
itor add su
h a delay in a 50
 system;3



the � 
on�guration shown uses 
apa
itors of half that value. R503 through R505are set up to balan
e the attenuation through the delay line, nominally 3%. De-pending on the amount of 30MHz reje
tion desired, one 
ould hand sele
t the
omponents, install the nominal values, or just line up three zero-ohm jumpersfor R503, R505, and L501.To start up a 
old DTL tank, the 
ontroller needs to generate output in the50.0 to 50.4MHz band. This is readily a

omplished by a gradual, 
onstant ratephase shift in the 10MHz signal sent to the interpolator and DAC. Anotherdes
ription of the implementation is a 400 kHz single sideband modulation ofthe 
arrier. Su

essive 40MS/s samples, that nominally show an I/Q/-I/-Qpattern with �=2 phase advan
e between them, have their phase shift adjusted to(1+Æ)�=2, where to rea
h 10.4MHz, Æ 
an be as high as 0.04. The interpolationstep des
ribed earlier multiplies the waveform by a 40MHz 
arrier, whi
h turnsthe original 10.4MHz into 29.6 and 50.4MHz outputs.The digital pro
essing ne
essary to introdu
e 
ontrolled phase modulation iswell understood. A high resolution phase a

umulator is followed by a CORDICrotator. Both are easily implemented in an FPGA; a 24-bit a

umulator plus a12-bit a

urate high-throughput rotator take up about 340 
ells. The 
urrentLBNL 
ontroller uses 40% of the 3456 available in a Xilinx XC2S150. Therotator introdu
es about 12 
y
les (40 MHz) of laten
y, whi
h is not an issuebe
ause the phase velo
ity will be 
onstant during a ma
ropulse, and this blo
kis outside the primary feedba
k loop.Sideband modulation imbalan
es both the 30 MHz not
h �lter, and thedigital �lter that suppresses the 10MHz and 70MHz lines. These latter twolines will reappear proportionally to Æ { 
al
ulations at 400kHz modulationshow a 10.4MHz spur at -29dB
 at the output of the not
h �lter, probablyunmeasurable after the analog �lter. The 70MHz 
omponent is even smaller.In theory, one 
ould 
hange a handful of 
omponents (VCXO and delay),and operate this 
ir
uit at 66/133MHz instead of 40/80MHz. The not
h �ltermoves from 30MHz to 83.3 MHz (16.7ns to 6.0 ns delay), and the divisors pro-grammed into the PLL 
hip (whi
h lo
ks the a
quisition 
lo
k to the 50MHzphase referen
e) 
hange. The data sheets say that this is still within spe
 for theADC, DAC, and PLL, but the margins for these parts and the FPGA get mightythin. While the output power, output spe
trum, and system laten
y would allimprove, the te
hni
al risk is 
onsidered too high to pursue this option in theshort term.
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